A consensus in the existing literature suggests that the Poggendorff effect (a perceptual misalignment of two collinear transversal segments when separated by a pair of parallel contours) persists when the parallels are defined by Kanizsa-like subjective contours. However, previous studies have often been complicated by a lack of quantitative measures of effect size, statistical tests of significance, appropriate measures of baseline and control biases, or stringent definition of subjective contours. The aim of this study was thus to determine whether subjective contours are capable of driving the Poggendorff effect once other factors are accounted for.
T he Poggendorff effect (1860) is a well-documented geometric illusion in which there is a perceptual misalignment of two collinear oblique lines when separated by a pair of parallel contours (henceforth referred to as the transversals and parallels respectively; see Fig. 1A ). Several explanations have been put forward to account for the effect, including a misestimation of the orientation of the transversals through lateral inhibition, obtuse angle contraction, or angular induction, [1] [2] [3] [4] [5] a bowing of the transversals at points of intersection with the parallels, 6 a misestimation of the orientation of a projected line connecting the transversals as a result of neural blurring, 7, 8 a perceptual contraction or expansion of the space between the parallels, 9 -11 a misinterpretation of the transversals as receding in depth, [12] [13] [14] or an inherent calibration bias in the visual system reflecting the statistics of natural scene geometry. 15 Deconstruction of the Poggendorff figure into its component parts, however, suggests that the illusion is a combination of several composite effects, 9,16 -19 the influence of which may be either additive or subtractive on the perceived degree of misalignment, depending on the precise configuration used.
If the parallel lines in a Poggendorff figure are replaced with subjective contours, the effect would seem to persist. 20 This may be true of subjective contours defined by Kanizsa-like Pac-Man tokens, 20 luminance steps, texture borders, 21 and complex composite images that define the parallels through "good continuation" or "closure." 22 However, in many of these studies, interpretation of the results is complicated by the absence of quantitative measures of effect size, a lack of statistical tests of significance, or a failure to include the appropriate controls and measures of baseline biases. 20, 21, [23] [24] [25] To demonstrate that subjective contours are truly driving the Poggendorff effect, the baseline bias (the degree of misalignment perceived between two transversal lines in the absence of further context) must first be subtracted from the overall bias. This is because reports of colinearity between spatially separated lines (even in the absence of parallel contours) may be distorted 26, 27 as a result of tilt assimilation toward the nearest cardinal axis, 16, 28 a perceptual expansion of the vertical axis, 9 the Zehender effect, 29 or personal response biases. In addition, the magnitude of the bias must be significantly larger than the effect induced by a suitable control image in which the perception of subjective contours is abolished without changing the overall image structure.
Meyer and Garges 30 and Day et al. 31 addressed the issue of control figures and baseline biases in their examination of subjective contours and the Poggendorff effect. Taken together, these papers demonstrate that significant differences from baseline were not significant when the basic Kanizsa-like Pac-Man tokens were used to generate the parallels. Significant effects were only observed when high contrast hemisegments were added along the length of the subjective contours to increase their saliency (Figs. 1B, 30 1D, 31 ). This introduces a genuine luminance step across sections of the subjective contours, raising the question whether they are true subjective contours or simply luminance-defined contours with periodic discontinuities. This is of particular relevance to the study by Day et al. 31 in which sections of luminance-defined contour separated by Ͻ1 o of visual angle constituted over half of the subjective contours length.
Finally, it is unclear whether the presence of subjective contours in the Poggendorff figure causes a reduction in judgment precision (i.e., increased positional uncertainty) and a systematic bias. In the study of geometric illusions this issue is rarely addressed, despite the fact that differences in bias and sensitivity may be informative as to the underlying mechanisms of a visual phenomenon. 32 Thus, in a study by Morgan et al., 7 a misestimation of length associated with the Müller-Lyer illusion did not entail a parallel decrease in sensitivity to length differences, a finding which the authors took as evidence for an early site of action, i.e., when length is first encoded. The purpose of this study was thus to consolidate previous reports of the Poggendorff effect using true subjective contours and appropriate control conditions, addressing the issues of judgment sensitivity and judgment bias.
METHODS

Observers
Twenty observers (13 men, 7 women) between the ages of 19 and 41 years took part in the experiment. Informed written consent was obtained in accordance with the Declaration of Helsinki.
Procedure
The method of adjustment was used to measure the strength of the Poggendorff effect for a number of test and control figures using first-order (luminance-defined) and subjective contours (Figs. 1C-1F ).
In all figures, a single transversal line was used in conjunction with a target dot as opposed to two transversals. Using this design, the effect has been found to persist and may even be augmented. 19 On each trial the observers were asked to position a target dot so that it fell on a theoretical line projecting from the upper transversal. The transversal was always oriented at 45 o to the parallels because this configuration has been shown to induce the greatest effect. 19 The position of the target could be shifted in a single plane (horizontal or vertical, depending on the overall orientation of the test configuration) in 10, 5, or single pixel steps. On each trial, the position of the transversal was randomized so that the number of steps needed to put the figure in true alignment could not be learned. Each observer was tested to determine the degree of misalignment associated with the 10 test figure configurations shown in Figure 1 (B-K). These conditions are referred to here as baseline, classical, and subjective. Each person's baseline bias was determined using a single transversal line and a target point (no parallels; Figs. 1B, 1G). Each observer's average bias for Figure 1 was subsequently subtracted from the bias on the other test figures so that any residual bias could be attributed to additional components of the stimulus. Luminance-defined parallel contours were used to assess the relative strength of the classical Poggendorff effect (Figs. 1C, 1H ). Subjective parallel contours were created using Kanizsa-like Pac-Man tokens to test the ability of subjective contours to drive the Poggendorff effect (Figs. 1D, 1I ).
In addition, four control figures were generated (Figs. 1E, 1F, 1J, 1K) in which one or both of the subjective contours were abolished without changing the overall stimulus structure. These were included in the study to ensure that any bias induced by the subjective contours was truly a result of their inclusion rather than a consequence of the presence of the Pac-Man tokens. Previous studies have achieved this by occluding the open sectors of the Pac-Man tokens 21 or by filling them in. 30, 31 Here, the subjective contours were removed by rotating the Pac-Man tokens 180 o . In Figures 1E and 1J (control 1), only the inducing contour is absent, whereas in Figures 1F and 1K , both parallel contours have been abolished (control 2).
Stimulus
Stimuli were generated (MATLAB; MathWorks, Natick, MA) with the Cambridge Research Systems toolbox (CRS Ltd.) and were presented on a Protouch monitor (Aspen Touch Solutions, Evergreen, CO) in conjunction with the Cambridge VSG graphics card. Images were presented at a spatial and temporal resolution of 928 ϫ 799 pixels and 60 Hz, respectively, and were viewed under ambient light conditions at a distance of approximately 50 cm. All image components were generated in black (5 cd/m 2 ) and were presented on a white background (80 cd/m 2 ), giving a Michelson contrast of 88%. Image dimensions are given in Figure 1A .
RESULTS
Positive misalignments in the data represent a bias in the typical Poggendorff direction. Thus, in the horizontal orienta- D, I) . In addition, data were collected on performance using control figures in which perception of one (E, J) or both (F, K) subjective contours were abolished. (Fig. 1C) , a positive bias would indicate that the observer had positioned the target too far to the left of true alignment. Similarly, in the vertical orientation (Fig. 1H) , a positive bias represents a target placed above the point of true alignment. All data were analyzed using SPSS (Chicago, IL). All data were shown to be normally distributed using the one-sample Kolmogorov-Smirnov (KS) test. Consequently, parametric statistical methods were used.
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Observer Bias
The extent of misalignment (observer bias) is presented for the four main Poggendorff figures (classical, subjective, control 1, and control 2) for both horizontal and vertical presentations (Figs. 1C-1F, 1H-1K ). All data were calculated by subtracting each observer's baseline bias (the degree of misalignment induced by the transversal and target alone: Figs. 1B, 1G ) from each measurement. These values of the residual bias should thus reflect the direct effects of adding other components to the image structure (parallel contours, Pac-Man tokens, or both).
Data are shown for each of the four Poggendorff figures ( Fig. 2A; 
analyses, data from the two control figures (Con1 and Con2) were combined by calculating an average control value for each observer (Con). This was performed because the degree of misalignment induced by the control figures did not differ significantly for either the horizontal (t (38) ϭ 0.078; P ϭ 0.94) or the vertical (t (38) ϭ 0.078; P ϭ 0.89) presentation, and it simplifies interpretation of the results.
Next, a repeated-measures analysis of variance (ANOVA) was performed on all the data with one within-factor (figure type classical, subjective, or control) and one between-factor (figure orientation horizontal or vertical). The degree of misalignment was not found to vary as a function of figure orientation (F (1, 38) ϭ 0.09; P ϭ 0.77). In other words, the strength of the illusion was not affected by the orientation at which the figure was presented. However, there was a main effect of figure type (F (2,76) ϭ 238.94; P Ͻ 0.001), indicating that the degree of misalignment differed among the three Poggendorff figures (Class, Sub, Con).
To explore this finding further, data were reanalyzed separately for horizontal and vertical presentations using the oneway ANOVA test with Tukey HSD post hoc analysis. For both the horizontal and the vertical presentations, the degree of misalignment differed significantly between the various Poggendorff figures (horizontal, F (2,59) ϭ 68.19, P Ͻ 0.001; vertical, F (2,59) ϭ 64.38, P Ͻ 0.001). As was expected, the classical Poggendorff figure induced a greater misalignment than either the control figure (horizontal, P Ͻ 0.001; vertical, P Ͻ 0.001) or the Poggendorff figure with subjective contours (horizontal, P Ͻ 0.001; vertical, P Ͻ 0.001). However, the critical comparisons indicate that the Poggendorff figure with subjective contours induced a greater misalignment than the control figures (horizontal, P Ͻ 0.01; vertical, P Ͻ 0.05). Taken together these findings clearly demonstrate that, though less marked than first-order contours, subjective contours can drive the Poggendorff effect. Further, the effect is significantly attenuated by rotating the Pac-Man tokens.
Observer Precision
In addition to analyzing the bias inherent in observer judgment, the precision of observer judgment was examined. These two measurements relate to the P(50) point and slope, respectively, of the underlying psychometric functions. 7 A measure of each observer's precision (the dispersion of settings) was thus calculated for each Poggendorff figure by taking the SD of judgment (n ϭ 20 judgments [trials] for all figures except baseline conditions, for which n ϭ 40; Fig. 2B ).
Repeated-measures ANOVA was performed on all the data, with one within-factor (figure type: baseline, classical, subjective, control 1, and control 2) and one between-factor (figure orientation: horizontal or vertical). The degree of precision did not vary as a function of figure orientation (F (1, 38) ϭ 0.44; P ϭ 0.51) or as a function of Poggendorff figure type (F (4,152) ϭ 0.33, P ϭ 0.86). Thus, despite the fact that the Poggendorff figure (with first-order or subjective parallel contours) induced alignment errors (bias), there was no accompanying loss in judgment precision.
Correlations
In Figure 3 , individual biases for the Poggendorff figures with subjective contours are plotted against biases induced using luminance-defined parallels. These data are shown for horizontal (Fig. 3A) and vertical (Fig. 3B) figure orientations. Positive correlations between the two measures were found to be highly significant at both orientations (horizontal, r ϭ 0.73, P Ͻ 0.001; vertical, r ϭ 0.54, P Ͻ 0.01), indicating that observers who were highly susceptible to the classical Poggen- 
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DISCUSSION
The results reported here provide clear evidence that true Kanizsa-like subjective contours are able to drive the Poggendorff effect. By defining observer performance as the residual bias in judgment that remains after subtracting the baseline bias (in response to the transversal and target alone), it was clear that the results were not confounded by other factors such as the Zehender effect, tilt assimilation, or individual response bias. Further, the inclusion of appropriate control images (in which the Pac-Man tokens are rotated 180 o ) suggests that the effect is driven, to a significant extent, by the presence of the subjective contours rather than as a result of the Pac-Man tokens. Although the consensus in the existing literature is that subjective contours are capable of driving the Poggendorff effect, to our knowledge this is the first study to demonstrate a statistically significant effect using the basic Kanizsa-like Pac-Man tokens and appropriate control images.
In the present study, subjective contours were defined using only four Pac-Man tokens positioned in the four corners of the occluding space separating the transversals. In contrast, previous reports of the Poggendorff effect using subjective contours have found significant effects only when the salience of the contours was reinforced by the addition of luminancedefined hemicircles along their lengths. In a critical study by Day et al., 31 luminance edges separated by less than 1°of visual angle constituted more than 50% of the "subjective" parallel contours. Thus, sections of adjacent luminance edges would have been detected by individual V1 cell receptive fields, which on average covered 1.6°of the visual field. 33 Even in the study by Meyer and Garges, 30 the distance between adjacent hemicircles was only in the region of 2.5°to 3.2°. As this separation is reduced, the distinction between a subjective contour and a luminance contour with periodic discontinuities becomes ambiguous. By using a much larger image in which the Pac-Man tokens were separated by some 19.6°of visual angle, it was clear that the effects reported here cannot be driven by simple low-level filters and that they involve the perception of true subjective contours.
Despite the fact that the Poggendorff effect was shown to be driven by first-order and subjective contours, the precision of observer judgment did not differ between the different tests and the control figure configurations. In support of Morgan et al., 34 these data suggest that some geometric illusions induce a perceptual bias in position, size, or distance without affecting the precision of that representation. Thus, the classical Poggendorff effect (driven by first-order parallel contours) induces a systematic bias in the judgment of colinearity but adds no extra uncertainty to the judgment. In much the same way, the Müller-Lyer illusion drives a misestimation of length without a concomitant reduction in positional certainty, as does a variation of the Judd illusion. 34 Perceptual bias in the absence of a change in sensitivity suggests that the effect of interest either acts at a level in the processing stream at which the stimulus parameter is encoded or involves some further factor that has much lower decision uncertainty. 34 The most parsimonious interpretation of the data is thus that, at least with respect to these three well-documented geometric illusions (Poggendorff, Müller-Lyer, Judd), biases arise relatively early in the visual pathway when length, orientation, or position are encoded.
By a similar pattern of logic, the fact that the precision of observers' performance did not differ between judgments made on the classical Poggendorff figure and the Poggendorff figure with subjective contours suggests that luminance-defined and subjective contours are encoded at a similar level in the visual system. This was reinforced by the high correlation in alignment biases for the Poggendorff figure using first-order and subjective parallels. The findings reported here thus support a growing body of evidence from psychophysical, 35 electrophysiological, 36 -38 optical imaging, 39 positron emission tomography, 40, 41 and functional magnetic resonance imaging [42] [43] [44] studies that suggest subjective contours are processed early in the visual pathways, most probably in V2 or even V1. In the Poggendorff effect interactions between first-order contours such as lateral inhibition, tilt assimilation, obtuse angle contraction, and angular induction, which are usually invoked to explain the classical effect, may thus be equally relevant to interactions between luminance-defined and subjective contours. Hence, tilt aftereffects (related to the process of lateral inhibition in the primary visual cortex 1 ) have been demonstrated using probes defined by first-order contours after adaptation to subjective contours, and vice versa. 45 Further, reduced orientation discrimination thresholds resulting from practice effects using subjective contour stimuli are transferable to performance with first-order stimuli. 46 A study by Westheimer and Wehrhahn 21 examined the effect of subjective contours and first-order contours of differing contrasts on the Poggendorff illusion and concluded that a subjective contour was perceptually equivalent to a luminance border of approximately 1% (Michelson contrast) with respect to its ability to drive the effect. Although the data presented Correlations between biases for the Poggendorff figures using luminance-defined and subjective parallels. Individual biases for the Poggendorff figures with subjective parallels are plotted on the abscissa against biases induced using luminance-defined parallels on the ordinate. Data are shown for horizontal (A) and vertical (B) figure orientations. Correlations were highly significant at both orientations (horizontal, P Ͻ 0.001; vertical, P Ͻ 0.01).
IOVS,
here are not directly comparable with those of Westheimer and Wehrhan 21 because contrast was not manipulated, the findings reported are consistent with a low-level locus for subjective contour processing and suggest that, in common with low-contrast first-order contours, 47 subjective contours are capable of driving a reliable, though attenuated, version of the Poggendorff effect. This attenuation of the effect when subjective contours are used to define the parallels may thus reflect that subjective contours are relatively low-salience stimuli detected by a small subset of cortical cells in the early visual areas. 36 -38 Consequently, any lateral interactions between cell populations tuned to the parallels and those tuned to other components of the stimulus will be weaker than if the entire stimulus was defined by first-order contours.
